Abstract. It is known that Wnt3a affects bone metabolism via the canonical Wnt/β-catenin signaling pathway. We have previously shown that prostaglandin F2α (PGF2α) stimulates the synthesis of vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6) via mitogen-activated protein (MAP) kinases, including p44/p42 MAP kinase, p38 MAP kinase and stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK) in osteoblast-like MC3T3-E1 cells. In the present study, we investigated the effects of Wnt3a on the synthesis of VEGF or IL-6 stimulated by PGF2α in MC3T3-E1 cells using an ELISA kit and various antibodies. Cells were cultured and pretreated with various doses of Wnt3a or SB216763, an inhibitor of glycogen synthase kinase 3β, prior to western blotting. Wnt3a significantly enhanced the PGF2α-stimulated VEGF release but had little effect on the PGF2α-stimulated IL-6 release. SB216763 markedly amplified the PGF2α-stimulated VEGF release without affecting the IL-6 release, similar to Wnt3a. Wnt3a failed to affect the PGF2α-induced phosphorylation of p44/p42 MAP kinase, p38 MAP kinase or SAPK/JNK. These results strongly suggest that Wnt3a upregulates VEGF synthesis stimulated by PGF2α via activation of the canonical pathway in osteoblasts without affecting IL-6 synthesis.
Introduction
Prostaglandins (PGs) play significant roles as autacoids of bone metabolism (1, 2) . It is widely acknowledged that the metabolism of bone tissue requires the concerted actions of bone formation and bone resorption, which are regulated by osteoblasts and osteoclasts, respectively (3) . In bone metabolism, PGF2α is known to act as a potent bone modulator via specific receptors (FP) on osteoblasts (1, 2) . It has been reported that PGF2α stimulates the proliferation of osteoblasts and inhibits their differentiation (2) . In our previous studies (4, 5) , we revealed that PGF2α induces the activation of protein kinase C via phosphoinositide-hydrolyzing phospholipase C and phosphatidylcholine-hydrolyzing phospholipase D in osteoblast-like MC3T3-E1 cells. However, PGF2α reportedly stimulates the synthesis of vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6) in osteoblasts (2, 6 ) and these bioactive substances, released from osteoblasts, are known to function as potent modulators in bone metabolism. However, the exact mechanism behind the PGF2α-stimulated synthesis in osteoblasts has yet to be clarified.
VEGF is a strong mitogen which has a high specificity for vascular endothelial cells (7) and is synthesized and secreted by a range of cell types. The protein increases capillary permeability and stimulates endothelial cells to proliferate (7) . During bone remodeling, capillary endothelial cells provide microvasculature. The activities of osteoblasts, osteoclasts and capillary endothelial cells are known to be closely associated and to regulate bone metabolism (8) . It is thought that these cell types interact via humoral factors and cell-to-cell contact. A previous study used a co-culture model of osteoblasts and endothelial cells to reveal that VEGF is crucial for the differentiation of osteoblasts (9) . It is widely acknowledged that VEGF is a significant regulator of the growth and repair of bone. In our previous studies (6,10), we revealed that in osteoblast-like MC3T3-E1 cells, PGF2α-stimulated VEGF synthesis is positively regulated by p44/p42 mitogen-activated protein (MAP) kinase, p38 MAP kinase and stress-activated protein kinase/cJun N-terminal kinase (SAPK/JNK), which are members of the MAP kinase superfamily (11) . By contrast, IL-6 is a multifunctional cytokine that has crucial effects on a wide range of functions, including the promotion of B-cell differentiation and T-cell activation and induction of acute phase proteins (12) . In bone metabolism, IL-6 is generally known to stimulate bone resorption and promote osteoclast formation (13) . It has been reported that potent bone resorptive agents, including tumor necrosis factor-α and IL-1, stimulate IL-6 synthesis in osteoblasts (13 resorptive agents in bone metabolism. We previously demonstrated that PGF2α stimulates IL-6 synthesis via the activation of protein kinase C (14) . Wnts are secreted glycoproteins that regulate early embryonic development and cell proliferation, differentiation and survival (15, 16) . β-catenin is one of the key downstream effectors in the Wnt pathway. In the canonical Wnt/β-catenin signaling pathway (15) , Wnts bind to Frizzled receptors and the low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6) in vertebrates (16, 17) . This complex leads to the phosphorylation and inactivation of glycogen synthase kinase 3β (GSK3β), which destabilizes β-catenin and suppresses the accumulation of β-catenin in the nucleus (15) . In bone tissue, it has been shown that loss or gain of function mutations in LRP-5 are associated with osteoporosis-pseudoglioma syndrome or a high bone density syndrome, respectively, in humans (17) . Moreover, the genetic deletion of β-catenin from early osteoprogenitors results in a lack of mature osteoblasts in the mouse embryo (17) , whereas the forced activation of β-catenin greatly enhances osteogenesis (18) . Accumulating evidence concerning the roles of molecules downstream of LRP5, including GSK3β and β-catenin, indicates that the Wnt signaling pathway is pivotal in bone metabolism, especially bone formation (17, 19, 20) . The exact roles of the Wnt/β-catenin signaling pathway in osteoblasts have yet to be elucidated, although osteoblasts have been reported to produce Wnt proteins (17) . Among the Wnt-ligands, it has been shown that Wnt3a mainly activates the canonical pathway in osteoblasts (21) . In the present study, we investigated whether Wnt3a affects the PGF2α-stimulated synthesis of VEGF and IL-6 in osteoblast-like MC3T3-E1 cells. We showed that Wnt3a enhances PGF2α-stimulated VEGF synthesis via the canonical Wnt/β-catenin pathway in these cells while Wnt3a had little effect on the IL-6 synthesis.
Materials and methods
Materials. PGF2α, Wnt3a and the mouse VEGF and IL-6 enzyme-linked immunosorbent assay (ELISA) kits were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). SB216763 was obtained from Calbiochem-Novabiochem Co. (La Jolla, CA, USA). Phospho-specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase antibodies, phospho-specific p38 MAP kinase antibodies, p38 MAP kinase antibodies, phospho-specific SAPK/JNK antibodies and SAPK/JNK antibodies were purchased from Cell Signalling Technology, Inc. (Beverly, MA, USA). The ECL western blotting detection system was purchased from GE Healthcare UK Ltd. (Buckinghamshire, UK). SB216763 was dissolved in dimethyl sulfoxide. Other materials and chemicals were obtained from commercial sources. The maximum concentration of dimethyl sulfoxide was 0.1%, which did not affect the ELISA or western blot analysis.
Cell culture. The cloned osteoblast-like MC3T3-E1 cells, which are derived from newborn mouse calvaria (22) , were maintained as previously described (23) . Briefly, the cells were cultured in α-minimum essential medium (α-MEM) containing 10% fetal calf serum (FCS) at 37˚C in a humidified atmosphere of 5% CO 2 /95% air. The cells were seeded in 35-mm diameter dishes (5x10 4 cells/dish) or 90-mm diameter dishes (20x10 4 cells/dish) in α-MEM containing 10% FCS. After 5 days, the medium was changed to α-MEM containing 0.3% FCS and the cells were incubated for 48 h. The cells were then used for subsequent experiments.
Assay for VEGF and IL-6. The cultured cells were pretreated with various doses of Wnt3a or SB216763 for 60 min and then stimulated with 10 mM PGF2α or vehicle in α-MEM containing 0.3% FCS for the indicated periods. The conditioned medium was then collected and VEGF or IL-6 in the medium was measured using the mouse VEGF or IL-6 ELISA kit according to the manufacturer's instructions. The absorbance of the ELISA samples was measured at 450 nm using EL 340 Bio Kinetic Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).
Western blot analysis. Western blot analysis was performed as previously described (24) . In brief, the cultured cells were pretreated with various doses of Wnt3a for 60 min and stimulated with 10 mM PGF2α or vehicle in α-MEM containing 0.3% FCS for the indicated periods. The cells were washed twice with phosphate-buffered saline and then lysed, homogenized and sonicated in a lysis buffer containing 62.5 mM Tris/HCl; pH 6.8, 3% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol and 10% glycerol. SDS-polyacrylamide gel electrophoresis (PAGE) was performed as described by Laemmli (25) using a 10% polyacrylamide gel. The protein (10 mg) was fractionated and transferred onto an Immun-Blot PVDF membrane (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% fat-free dry milk in Tris-buffered saline-Tween (TBS-T; 20 mM Tris/HCl, pH 7.6, 137 mM NaCl, 0.1% Tween-20) for 2 h prior to incubation with the primary antibodies. The rabbit polyclonal phospho-specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase antibodies, phospho-specific SAPK/JNK antibodies, SAPK/JNK antibodies, phospho-specific p38 MAP kinase antibodies or p38 MAP kinase antibodies were used as primary antibodies. Peroxidase-labeled antibodies raised in goat against rabbit IgG were used as secondary antibodies. The primary and secondary antibodies were diluted at 1:1,000 with 5% fat-free dry milk in TBS-T. Peroxidase activity on the membrane was visualized on X-ray film by means of the ECL western blotting detection system. Statistical analysis. The data were analyzed by ANOVA followed by the Bonferroni method for multiple comparisons between pairs and P<0.05 was considered to indicate a statistically significant result. Data were presented as the mean ± SEM of triplicate determinations. Each experiment was repeated three times with similar results.
Results

Effect of Wnt3a on the PGF2α-stimulated VEGF release in osteoblast-like MC3T3-E1 cells.
Since we previously showed that PGF2α significantly stimulates VEGF synthesis in osteoblast-like MC3T3-E1 cells (6), we first examined the effect of Wnt3a on VEGF release induced by PGF2α in these cells. Wnt3a significantly enhanced the PGF2α-induced VEGF release (Fig. 1) . Amplification by Wnt3a was dose-dependent at doses between 1 and 10 ng/ml. A dose of 10 ng/ml Wnt3a resulted in a ~160% increase in the PGF2α effect.
Effect of Wnt3a on the PGF2α-stimulated IL-6 release in osteoblast-like MC3T3-E1 cells. Previously, we demonstrated
that PGF2α stimulates IL-6 synthesis in osteoblast-like MC3T3-E1 cells (14) . In the present study, we examined the effect of Wnt3a on IL-6 release induced by PGF2α in these cells. However, Wnt3a, which alone had little effect on the IL-6 levels, did not affect the PGF2α-induced IL-6 release (Fig. 2) .
Effects of SB216763 on the PGF2α-stimulated release of VEGF or IL-6 in MC3T3-E1 cells.
In the canonical Wnt/β-catenin pathway, Wnt stimulation inhibits the GSK3β activity that otherwise phosphorylates β-catenin and induces its degradation (15, 16) . It has been reported that β-catenin accumulation is stimulated by an inhibitor of GSK3β as well as Wnt in pre-osteoblast CIMC-4 cells (26) . Therefore, we examined the effect of SB216763, an inhibitor of GSK3β (27) , on the PGF2α-induced VEGF release. SB216763 markedly potentiated the VEGF release (Fig. 3) . A dose of 10 mM of SB216763 resulted in a ~100% increase in the PGF2α-effect.
We also examined the effect of SB216763 on the PGF2α-induced IL-6 release in MC3T3-E1 cells. However, SB216763 had little effect on the PGF2α-induced IL-6 release (Fig. 4) .
Effects of Wnt3a on the phosphorylation of p44/p42 MAP kinase, SAPK/JNK and p38 MAP kinase induced by PGF2α in MC3T3-E1 cells.
In a previous study, we showed that p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK are involved in the PGF2α-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells (6, 10) . Therefore, to investigate whether the amplifying effect of Wnt3a on the VEGF synthesis is dependent on the MAP kinase pathway in MC3T3-E1 cells, we examined the effects of Wnt3a on the PGF2α-induced phosphorylation of p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK. However, Wnt3a hardly affected the PGF2α-stimulated phosphorylation of p44/p42 MAP kinase at doses between 10 and 50 ng/ml (Fig. 5A ). Furthermore, Wnt3a had little effect on the phosphorylation of p38 MAP kinase (Fig. 5B) or SAPK/ JNK (Fig. 5C ) by PGF2α at doses between 10 and 50 ng/ml.
Discussion
In the present study, we demonstrated that Wnt3a significantly enhanced VEGF synthesis stimulated by PGF2α in osteoblast-like MC3T3-E1 cells. However, the PGF2α-stimulated IL-6 synthesis was not affected by Wnt3a in these cells. The activation of the canonical pathway, which is well known as a major signaling pathway involving Wnt, causes the accumulation of β-catenin in the nucleus through the inactivation of GSK3β, which otherwise induces the degradation of β-catenin (15, 28) . It has been reported that Wnt3a increases β-catenin levels in osteoblasts (28) . We confirmed that Wnt3a upregulated the protein levels of β-catenin in a time-dependent manner in MC3T3-E1 cells. We also showed that SB216763, a specific GSK3β inhibitor (27) , markedly enhanced the VEGF synthesis stimulated by PGF2α as well as Wnt3a in MC3T3-E1 cells. In addition, SB216763 had little effect on the PGF2α-stimulated IL-6 synthesis, similar to Wnt3a. Therefore, our findings suggest that Wnt3a upregulates PGF2α-stimulated VEGF synthesis via the canonical Wnt/β-catenin pathway in osteoblast-like MC3T3-E1 cells.
It is generally known that members of the MAP kinase superfamily, including p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK, are central elements used by mammalian cells to transmit various extracellular messages (11) . With regard to VEGF synthesis in osteoblasts, we have previously reported that the activation of three major MAP kinases, p44/ p42 MAP kinase, p38 MAP kinase and SAPK/JNK, positively regulates PGF2α-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells (6, 10) . Thus, we investigated the correlation between the Wnt pathway and the MAP kinase pathway in the PGF2α-stimulated VEGF synthesis in MC3T3-E1 cells. However, Wnt3a did not increase the PGF2α-induced phosphorylation levels of p44/p42 MAP kinase. In addition, the PGF2α-induced phosphorylation levels of p38 MAP kinase and SAPK/JNK were not affected by Wnt3a. Based on these findings, it appears to be unlikely that Wnt3a affects PGF2α-stimulated VEGF synthesis via the modulation of p44/p42 MAP kinase, p38 MAP kinase or SAPK/JNK in osteoblast-like MC3T3-E1 cells. Therefore, it is likely that Wnt3a modulates PGF2α-induced VEGF synthesis at a point downstream of the MAP kinases or that the effect of Wnt3a is exerted via the modulation of other signaling pathways.
In bone tissue, the expansion of a capillary network providing microvasculature is an essential process in bone remodeling (9) . Since VEGF is a specific mitogen of vascular endothelial cells (7), VEGF released from osteoblasts acts as A B C a significant intercellular mediator between osteoblasts and vascular endothelial cells. Moreover, VEGF is reportedly involved in trabecular bone formation and the expansion of the hypertrophic chondrocyte zone in the epiphyseal growth plate of mice (29) , indicating the significance of VEGF in bone metabolism. However, bone is capable of regenerating and repairing itself after suffering from damage such as fractures. It is known that the localized activation of signal cascades is required for bone regeneration and fracture healing (30) . Moreover, the Wnt/β-catenin signaling pathway is known to play an anabolic role in bone metabolism, leading to bone formation (17) . The Wnt signaling pathway has been reported to be activated and induce bone regeneration during bone fracture repair, resulting in the increase of bone mass (30) . In the present study, we demonstrated that Wnt3a enhanced the PGF2α-stimulated VEGF synthesis without affecting the synthesis of IL-6, a potent bone resorptive agent (13) , in osteoblast-like MC3T3-E1 cells. Taking all our results into account, it is probable that Wnt3a-enhanced VEGF synthesis in osteoblasts is crucial in the physiological process of skeletal maintenance, including bone remodeling and fracture healing, by upregulating the proliferation of capillary endothelial cells. These findings lead us to speculate that the effect of Wnt in bone metabolism is mediated, at least in part, by VEGF release from osteoblasts. Further investigation is necessary to clarify the exact mechanism of the Wnt pathway in osteoblasts.
In conclusion, our results strongly suggest that Wnt3a amplifies PGF2α-stimulated VEGF synthesis via the activation of the canonical Wnt/β-catenin signaling pathway in osteoblasts.
